Silver nanoparticles self-assembled on poly(4-vinylpyridine) modified surfaces were spin-coated with poly(methyl methacrylate), poly(butyl methacrylate) and polystyrene from anisole and toluene solutions. The polymers filled the space between the particles thereby providing stabilization of the assemblies against particle aggregation when dried or chemically modified. The polymers did not coat the top surface of the nanoparticles offering the chemical accessibility to the metal surface. This was confirmed by converting the stabilized nanoparticles into silver sulfide and gold clusters. Etching the nanoparticles resulted in crater-like polymeric structures with the cavities extending down to the underlying substrate. Electrochemical reduction of silver inside the craters was performed. The approach can be extended to other nanoparticle assemblies and polymers.
Introduction
Silver nano particles (Ag NPs) are of great interest due to their unique optical properties stemming from the excitation of plasmon resonances, the collective oscillations of the free electron density. [1] The efficiency of the plasmon resonance excitation in Ag NPs exceeds that of any other mechanism for the interaction of light with matter. [2] The plasmon resonances can be tuned across the near-UV, visible, and near-infrared spectral range by adjusting the particle size, shape, and surrounding dielectric medium.
When Ag NPs are closely spaced, the coupling between the collective electron oscillations (the plasmon coupling) in individual particles results in new plasmon modes. It was previously demonstrated that the coherent plasmon coupling in 2D arrays of self-assembled Ag NPs produces a sharp resonance that can be used for various sensing applications owing to its sensitivity to the refractive index of the surrounding medium. [3, 4] In addition, the enhanced local EM field in spaces between the nanoparticles was utilized for surface enhanced Raman spectroscopy. [5] The plasmon coupling depends on the interparticle distance, particles size and dielectric constant of the surrounding medium. As the dielectric constant increases or the interparticle distance decreases until reaching the optimum value, the coupling becomes stronger for the same size of the particles. [6, 7] However, even a small degree of the surface aggregation has a detrimental effect on the coherent coupling and the sharpness of the resonance.
The self-assembly of nanoparticles is an efficient and easily scalable method for fabricating nanostructured surfaces. It is often challenging to maintain such assemblies without the particle aggregation on the surface, particularly when there is a need for further chemical modifications or the transfer of the assemblies into different media. For example, drying 2D assemblies of Ag NPs causes the nanoparticles to aggregate into clusters due to the solvent surface tension producing lateral forces on the particles. [8] Consequently, solvents with lower surface tension, from which the self-assembly is carried out, tend to cause less aggregation when drying. It is important to recognize that particles aggregate even when they are chemically attached to the surface that is uniformly modified with affinity ligands as in the case of metal nanoparticles on thiolated surfaces. However, when the affinity ligands are patterned on the surface, the aggregation of nanoparticles is less critical because the particles are physically confined to only patterned areas. [9] [10] [11] The aggregation is usually an irreversible process, and the particles remain aggregated after rewetting the assemblies. This causes irreproducibility or complete loss of properties of\ nanostructured surfaces. [7] Malynych et al. stabilized the coupled 2D array of Ag NPs and preserved their sharp plasmon resonance by embedding the arrays into a poly(dimethylsiloxane) matrix. However the particles were covered by the polymer layer rendering the metal surface unsuitable for chemical modifications. [8] Matrubara et al. reported the fabrication of silver nanodisk on both flat and textured surfaces by transfer-printing and the resulted nanostructures were stable toward the aggregation because they were physically anchored to the substrates. [12] In another work, periodic metal nanodot arrays were fabricated by the pulsed laser melting induced fragmentation of prepatterned metal nanostrips. [13] Chichkov et al. reported the use of a laser-induced transfer of molten metal nanodroplets for building 2D and 3D arrays. [14] The nanostructures in both reports were stable because the nanoparticles were spatially confined.
The problem of the nanoparticle aggregation in solutions was mainly addressed by chemical modifications of the particles' surface or by encapsulating the particles in protective shells. Negatively charged citrate ions that adsorb on the metal surface stabilize the nanoparticles by the electrostatic repulsion, but such suspensions are limited to low concentrations and the particles aggregate irreversibly upon the addition of electrolytes. [15, 16] Thiol groups have high affinity to noble metal surfaces and alkanethiols were used to obtain thermally stable and air-stable metal nanoparticles powders that can be repeatedly redissolved in organic solvent. [17, 18] Amine, phosphine and its oxide, carboxylate, iodine, isocrynide and acetone were also used as stabilizing ligands. [19] [20] [21] [22] [23] [24] [25] [26] These small ligands can desorb easily or be replaced by other ligands with stronger affinity to the metal surface.
Nanoparticles coated with a shell of different materials become sterically stabilized and more resistant to high electrolyte concentration. Poly(4-vinylpyridine) (PVP) stabilized Ag NPs are more stable than citrate stabilized Ag NPs in standard media. [27, 28] Polyethylene glycol (PEG) is an inert, amphiphilic and biocompatible linear polymer soluble in water, organic polar and apolar solvents, which forms random coils on the metal nanoparticles' surface when hydrated in water and the particles are stable in electrolytes and biological environments. [29] [30] [31] Chitosan is a biodegradable and biocompatible linear polysaccharide used to stabilize noble metal nanoparticles. [32, 33] Dendrimers provide both electrostatic and steric stabilization for nanoparticles, so do polymers that form linear chain structures grafted to the nanoparticles' surface. [34] [35] [36] Various silica coated metal nanoparticles were made based on Stöber process usually with controlled thickness by adjusting tetraethyl orthosilicate (TEOS) concentration. [37] [38] [39] [40] However, these methods are not very effective for preventing the aggregation of nanoparticles attached to substrates because the particles remain 'free' to roll on the surface. Rubinstein etc. reported metal nanoparticle films on glass stabilized by 3.0-3.5 nm silica coating that preserved the original plasmon response. [41] Here, a simple and reliable method for stabilizing 2D assemblies of Ag NPs is reported. The method is based on affixing the nanoparticles to substrates with a PVP layer followed by spin-coating polymers in the space between the nanoparticles. Similar method was previously used to change the dielectric function of the medium to study its effect on the plasmon coupling. [6, 7] By adjusting the spin-coating parameters, the thickness of the polymer layer can be adjusted to stabilize the assemblies without coating the metal surface. After etching the nanoparticles, crater-like polymeric structures were obtained. A similar approach was used to produce thin porous silicate films with submicron polystyrene spheres as templates as well as silica films on glassy carbon electrodes with 2D assemblies of hemispherical cavities. [42, 43] Instrumentation UV-2501PC Spectrophotometer (Shimadzu) was used to record UV-vis spectra. High-resolution TEM-H9500 (Hitachi) was used to characterize the Ag NPs (Fig. S1 ). All glass and ITO substrates were cleaned with Plasma Sterilizer PDC-32G (Harrick). AFM measurements were performed in a non-contact mode using AIST-NT SPM Smart system and cantilevers (HQ:NSC14/Al BS-50) from Micromasch. AIST-NT image analysis and processing (Version 3.2.14) software was used for AFM images analysis. Electrochemical Workstation, Model 400 A, (CH Instruments) was used for the electrochemical studies.
Materials and Methods

Materials
Synthesis of Ag NPs
The Ag NPs were synthesized by reducing saturated silver oxide solution in ultrapure water by ultrahigh purity hydrogen at 73°C in a round bottom flask, as previously reported. [44] The size of the Ag NPs can be adjusted by controlling the reaction time simultaneously monitoring the extinction spectra of the reaction suspension. Colloidal suspensions containing 55 ± 3 nm, 100 ± 5 nm and 120 ± 7 nm Ag NPs were used in the study.
2D assemblies of Ag NPs 25x15x1.0 mm glass substrates were treated by a mixture of 35 % hydrogen peroxide and 98 % sulphuric acid for 4 hours, washed with copious amount DI water, dried with pure nitrogen and cleaned with plasma. Clean substrates were rolled on a hot-dog style roller in 0.01 % PVP ethanol solution for 4.5 hours, and rinsed several times with ethanol followed by the final rinse with DI water. The PVP modified substrates were exposed at constant agitation to Ag NP suspensions (OD=0.1, 0.3) for different times ranging from 2.5 to13 hours followed by rinsing with water to obtain 2D assemblies with different nanoparticle density.
Polymer spin-coating and etching of Ag NPs The 2D assemblies of Ag NPs were immersed first in pure anisole for a few seconds to remove the excess of surface water followed by immersing into polymer anisole solutions (0.6 % PMMA, 1 % PMMA, 1.2 % PMMA, 1.8 % PMMA, 3 % PMMA; 1 % PBMA; 1 % PS, 2 % PS, 3 % PS) for 2 minutes. The wet substrates were mounted on the spin coater and additional 30 µL of the corresponding polymer solution was dropped onto the substrates followed by spinning at 5000 rpm for 45 seconds. The substrates were annealed at 140°C for 10 minutes. Etching the Ag NPs, was performed by dropping 45µL of 1.5 M Fe(NO 3 ) 3 aqueous solution onto the substrates followed by through rinsing with DI water after a few seconds of the exposure. The procedures are schematically presented in Fig. 1 . 
Results and Discussion
Unmodified microscope substrates made of float glass have an average roughness less than 5 nm. The average roughness was uniformly increased to about 8-9 nm after the PVP modification carried out from 0.01 % ethanol solution for 4 hours. The roughness was further increased when higher PVP concentrations were used. It is well recognized that high polymer concentrations favor more coiled structures of polymer molecules on surfaces leading to larger roughness. [45] The exposure of the modified substrates to aqueous 100 nm Ag NPs suspensions resulted in the 2D self-assembly of Ag NPs. The density of the particles on the surface was controlled by adjusting the particle concentration in the suspension as well as the exposure time. The self-assembly was carried out from DI water with low ionic strength providing long range electrostatic repulsion between the particles due to the electric double layer associated with the metal surface. The electrostatic repulsion kept the individual particles well separated in the assembly. The Ag NPs absorb on the PVP surface through the formation of bonds between the lone pair electrons on the pyridyl ring and the silver surface. Despite this strong interaction, the particles can move on the surface. In order to move a particle to another location, the bond between the particle and the surface needs to be broken; however a new identical bond is formed at the new location. This movement can be viewed as breaking of existing and simultaneous forming new surface bonds, the process that does not require additional energy. The particle assemblies in water are stabilized by the electrostatic repulsion, but drying negates this repulsion as well as produces lateral forces that push the particle together resulting in the aggregation. The lateral forces are caused by the surface tension of drying water. In this work, the stabilization of the particles in the assemblies was achieved by filling the spaces between the particles with polymers. The stabilized assembly could withstand repeated drying/rewetting cycles as well as various chemical modifications while retaining their original arrangement. The method can be applied to other polymer/nanoparticle assembly combinations.
The average height of Ag NPs in the assemblies, as measured with the AFM, was 97 ± 4 nm (Fig. 2a) . The particles appeared with sharp corners suggesting that their surface was not covered with the PVP (Fig. S2) . It was initially suspected that, because of the high affinity of PVP to silver, the polymer molecules adsorbed on the surface of the substrate can also partially cover the particle surface to establish an equilibrium distribution between the two surfaces. To prevent the particle aggregation, the 2D assemblies were stabilized by spin-coating various concentrations of polymers such as PS, PMMA, PBMA from two different solvents, toluene and anisole. After the spin-coating, the average height of the particles decreased depending upon the concentration of the polymer, a general trend observed for all polymers and solvents used in this work. For example, when the PS concentration was increased from 0.3 % to 1 % and 3 %, the average height of Ag NPs decreased from 97 ± 3 nm to 90 ± 3 nm and 16 ± 3 nm respectively. Further height decrease on the order of a few nm was observed after the substrates coated with 1 % PS or 1 % PMMA were annealed at 150°C for 25 minutes. The measured decrease of the particles' height after the annealing seems counterintuitive. One would expect an increase of the measured height because the annealing at temperatures larger than that of the glass transition (~110°C) of PS and PMMA will cause the relaxation of the polymers causing the particles to float to the surface of the polymer layer as neither PS nor PMMA have strong affinity to silver.
The relaxation of the polymer layer was concluded from the AFM measurements of the surface roughness that changed from 4-5 nm to 1-2 nm for 1 % polystyrene film and from 7-8 nm to 1-2 nm for 1 % PMMA film. The discrepancy can be explained by considering the underlying PVP layer that will also soften at this temperature and pull the particles deeper inside the layers due to the PVPs strong affinity to silver. Mixing of PVP layer with PS or PMMA layers is also possible at this temperature.
When the 2D assemblies of Ag NPs are stabilized by the spin-coating of polymers, it is important to know whether or not the metal surface is coated with the polymer. To address this question, etching of nanoparticles as well as chemical modifications of the metal surface was undertaken. Ferric nitrate can etch silver because its standard reduction potential (0.77V) is close to that of Ag + (0.80V) and the resultant silver nitrate is a soluble compound. [46] After the etching of the assemblies with molar excess of ferric nitrate crater-like structures were observed thereby indicating that the silver surface was not covered with the polymers or, at least, the polymer layers were not sufficiently dense to prevent chemical accessibility to the metal surface ( Fig. 2b and Fig. 3 ). The height and the external diameter of the craters, as measured relative the area of the substrate containing no nanoparticles, depended on both the type and the concentration of the polymer. For example, 100 nm Ag NPs and 1 % of PBMA, PS and PMMA yielded the average height of 40 ± 3 nm, 52 ± 3 nm, and 50 ± 4 nm whereas external diameters were 440-550 nm, and 180-310 nm, 280-350 nm, respectively. No significant differences of the crater structures were found for glass and ITO substrates under the same conditions (Fig. S3) . Although the crater depth measurements were not reliable due to the limited penetration of the AFM tip inside the craters, there was a noticeable trend in that higher concentrations of polymers resulted in deeper craters. The solvent, in which the polymers were dissolved prior to spin-coating, had also effect on the crater dimensions, e.g. 1 % PS in anisole consistently gave taller craters than 1 % PS in toluene. [47] Proportionally smaller craters were observed when smaller Ag NPs were used as templates.
Whereas the dependence of crater dimensions upon the concentration of polymers is rather clear, the dependence upon the type of the polymer, substrate and solvent most likely reflected how the polymer solutions wetted both the substrate and the nanoparticles. The underlying layer of PVP on the substrate is expected to be wetted well by both solvents because of π-π interactions between the aromatic rings. Neither of the polymers nor solvents is expected to have specific affinity to the silver surface, so it is likely that all solutions wetted the surface of the nanoparticles to the same degree. The formation of the craters was due to the capillary force that pulled up the polymer solutions at the particle substrate interface. In the absence of strong interactions between a surface and a liquid, the capillary force depends upon the ratio of the surface tension to solvent density and is larger for anisole polymer solutions thereby leading to consistently larger craters formed from anisole than those from toluene.
The dissolved polymers did not change substantially the surface tension from that of the pure solvents as was tested using the drop size method for 1% polymer solutions. In this method, drops of the same volume of different polymers solutions were deposited on clean glass substrates and the spot sizes were compared to that of pure solvents. No statistically meaningful differences of the spot sizes were noticed thereby concluding that the polymers at such low concentration did not affect the surface tension of the solvents. Polymer stabilized 2D assemblies of Ag NPs were exposed to HAuCl 4 aqueous solution with the expectation that the gold salt will etch silver away producing gold nanoparticle assemblies. Indeed, the AFM imaging revealed the presence of nearly spherical particle clusters protruding on average 119 ± 5 nm from the surface of the substrates and arranged in the same way as the original Ag NPs, Fig. 4a . Each cluster was composed of roughly 5 smaller gold particles with the estimated size of 30 nm. The UV-Vis spectroscopy confirmed the presence of the plasmon resonance peak at about 547 nm corresponding to small Au NPs as well as a weak shoulder at 645nm due to the plasmon coupling between the particles in the clusters (Fig. 4b) . It was concluded that each Ag NP was completely dissolved because the strong plasmonic features from the Ag NPs disappeared from the UV-Vis spectra after etching with the gold salt.
The structure of the gold clusters depended upon the surface density of Ag NPs on the substrate. The size of the gold clusters was smaller and they appeared more like open circles on the rim of the crates as the Ag NPs density decreased (Fig. 4c) . This observation was rationalized as interplay between the local concentration of the zero valence gold and its diffusion from the substrate. Low surface densities of Ag NPs lead to low local concentrations of the zero valance gold near the substrate. This zero valence gold partially diffused away from the substrate before it had a chance to assemble into small nanoparticles that became attached to the rim of the craters. At high silver densities, more zero valance gold was available near craters producing more Au
NPs that formed 3D gold clusters on top of the craters. The zero valance gold that diffused from the substrate most likely formed Au NPs in the solution; however it was impossible to detect them using UV-Vis spectroscopy to due to their low concentration. The polymer stabilized 2D assemblies of Ag NPs was also treated with Na 2 S aqueous solutions. AFM images revealed the simultaneous presence of small nanoparticle clusters and empty craters on the substrates (Fig. 5a ). The average measured height of the clusters was 94 ± 5 nm. The plasmon resonance broadened and shifted to the red spectral region due to the formation of silver sulfide on the surface of the NPs (Fig. 5b and Fig.5c ). Silver sulfide has a large dielectric function and absorption coefficient casing the red shift and dampening of the resonance. The formation of silver sulfide on Ag NPs appeared to be a self-limiting reaction as large changes in the UV-Vis spectra were observed in the first minutes after the exposure to Na 2 S followed by only small changes with time. As expected, the rate of the silver sulfide formation in the case of 2D assemblies without spin-coating polymer layer was slightly larger (Fig. 5c ). The fact that the 2D assemblies of Ag NPs treated with Na 2 S retained their plasmonic spectral features, albeit dampened, suggested that the nanoparticles composed of a silver core coated with small silver sulfide particles, as was evident from close-up AFM images of individual nanoparticles (Fig. 5a, Inset) . The empty craters that were also observed most likely appeared after rinsing the substrates exposed to Na 2 S with water. Silver sulfide coated nanoparticles are expected to have no/low affinity to PVP modified substrates and can be easily washed away. a b c Attempts were also made to electrochemically grow metallic silver in the craters. ITO, vacuum deposited gold or silver conducting substrates were coated with PVP followed by attaching Ag NPs, spin-coating of PMMA and etching the nanoparticles to produce craters. The substrates containing craters were connected to the electrochemical workstation and the silver reduction was carried out at -0.58V and -0.71V vs. SHE. The growth of silver was not uniform on all three substrates with the gold substrates exhibited the most consistent results (Fig. S4) . AFM imaging revealed craters filled with silver together with empty craters as well as the presence of various size clusters of small Ag NPs in the vicinity of the craters (Fig. 6 ). The nonuniform electrochemical growth of silver was most likely due to the heterogeneity of the underlying conducting substrates. It is well known, for example, that the electrochemical deposition of metals on bare ITO proceeds via seeded growth, in which the metal reduction begins at defect sites, often at the boundaries between individual ITO crystallites that provide the smallest reduction overpotential. [48] Silver reduction occurred in places where a crater overlapped with such defect site. In some instances, zero silver diffused from the inside of craters forming silver clusters on the outside. More negative reduction potentials resulted in the formation of larger silver particles/clusters and decreased the number of empty craters. a b c 
Conclusions
Spin-coating of polymers onto 2D assemblies of Ag NPs was used to stabilize the assemblies against aggregation. The polymer filled the space between the particles leaving the metal surface uncoated and accessible to various chemical reactions. Etching nanoparticles produced crater-like structures, the size of which can be manipulated by changing the polymer concentration and the solvent. The method can be extended to other polymers and nanoparticle assemblies.
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